1. Introduction {#s0005}
===============

The wealth of insight into intra- and inter-tumoral heterogeneity and the supportive tumor microenvironment (TME) is shedding light on cancer survival mechanisms that contribute to treatment resistance and relapse. Broadly, as the host attempts to eradicate the tumor by generating an antitumor immune response, the tumor prompts a counteractive response by recruiting immunosuppressive immune cells and other TME components to build a physical and immunological fortress against attack. Current therapeutic efforts are directed towards harnessing principles of immunology to stimulate tumor-specific T-cell responses.

Oncolytic or "cancer-killing" viruses (OVs) are a class of self-replicating immunotherapeutic agents that present substantial potential to supplement the oncologist\'s cancer-fighting arsenal. In this review, we discuss a number of recent discoveries that demonstrate how OVs alone or in combination with other anticancer drugs act not only as direct tumor-killing weapons but also hold the capacity to promote *in situ* vaccination against the whole tumor. Indeed, compared to other immunotherapies that require patient-specific tumor-associated antigen (TAA) identification, OVs potently induce the release of the full range of TAAs into an inflammatory environment via tumor lysis and contribute to the establishment of tumor-specific T-cell immunity.

2. The Tumor Microenvironment {#s0010}
=============================

The original paradigm that tumors are a mass of proliferating cancer cells has now shifted to an in-depth understanding of tumors as complex entities. In addition to cancer cells, tumors harbour a variety of other cell types, including vascular endothelial cells (ECs), cancer-associated fibroblasts (CAFs) and various resident or migratory immune cell subsets \[e.g. T cells, dendritic cells (DCs), Natural-Killer cells (NKs)\]. Together, these various cell populations and the extracellular matrix that glues them together create an organized and dynamic community known as the tumor ecosystem or TME. It is now well established that the reciprocal crosstalk and cooperative interactions between cancer cells and these other cell types promote tumorigenesis and further sustain tumor growth, proliferation, and invasion \[[@bb0005]\]. For instance, certain biomolecules secreted by the immune cells within the TME can be critical to several of the established *"cancer hallmarks"* \[[@bb0010]\].

Although these general concepts apply to a wide range of tumors, individual tumors are unique ecosystems and are heterogeneous in the cellular composition of the TME within and between patients \[[@bb0005],[@bb0010]\]. The TME\'s immune phenotypes are generally classified in three broad categories: immune desert, immune-excluded, and inflamed \[[@bb0015]\]. Inflamed tumors typically contain both cytokine-secreting CD4^+^ and cytotoxic CD8^+^ T cells and myeloid cells \[[@bb0020]\]. Unlike inflamed tumors, "immunologically cold" tumors contain less immune cells or cell subsets associated with immune suppression including regulatory T cells (Treg), myeloid-derived suppressor cells (MDSCs) and M2 macrophages. Whereas immune desert tumors are generally characterized by a very low number or even an absence of immune cell infiltrates, immune-excluded tumors contain immune cells that remain stuck in the surrounding stroma, thus unable to colonize the TME to exert their antitumor functions \[[@bb0025]\].

3. The Tumor Immune Microenvironment Shapes The Response to Anticancer Therapies {#s0015}
================================================================================

The exciting yet still limited success of immunotherapies to date highlights the need to better understand the unique characteristics of individual tumors for the rational design of treatment plans. For instance, identifying the type of immune landscape may predict therapeutic effectiveness of certain immunotherapies like immune checkpoint blockade \[[@bb0015]\]. In the case of non-inflamed tumors, there is a need for novel therapeutic strategies that change the TME landscape into an inflamed phenotype to promote the priming of antitumor immune responses \[[@bb0030]\].

Accumulating evidence indicates that type I interferons (IFNα/β) are crucial in the establishment of antitumor responses. In addition to their antiviral and antitumor properties, type I IFNs stimulate diverse immune cell subsets within the TME (e.g. the cytotoxic activity of NK and CD8^+^ T cells, the secretion of pro-inflammatory cytokines by macrophages, and the cross-presentation activity of mature DCs) \[[@bb0035]\]. It has been described that the efficacy of many chemotherapies, radiotherapies, immunotherapies, and targeted anticancer agents depends upon major contribution of type I IFNs \[[@bb0035]\]. However, systemic administration of type I IFNs often has undesirable side-effects and as a result it has become of strong interest in the field of cancer therapy to select for therapeutic modalities that specifically induce type I IFNs expression in the TME. Recently, two studies have demonstrated that DNA methyltransferases inhibitors upregulate the expression of cytosolic dsRNAs derived from endogenous retroviral elements that subsequently activate viral sensors to induce type I and III IFN signaling associated with antitumor effects \[[@bb0040],[@bb0045]\]. Alternatively, agonists of viral nucleic acid cellular sensors, such as RIG-I, STING or TLR3, elicit the production of type I IFNs and therefore promote tumor cell death and antitumor immunity \[[@bb0035]\]. In the following review, we argue that rather than using a viral mimetic, it is preferable to use a multi-functional replicating virus that directly attacks cancer cells while heating up the TME to stimulate antitumor immune responses.

4. Oncolytic Immunotherapy "Wakes Up" Tumors in an "Immunological Coma" {#s0020}
=======================================================================

During their transformation, cancer cells acquire defects in numerous signaling pathways that simultaneously impinge on cellular growth control and innate antiviral defense systems \[[@bb0050]\]. As a result, many cancers are susceptible to a range of oncolytic virus therapeutics, a class of naturally occurring or genetically modified viruses that selectively replicate within and kill tumor cells without harming healthy tissues. The most advanced of these is Talimogene laherparepvec (T-Vec, Imlygic®), an engineered Herpes Simplex Virus (HSV) that was recently approved for the treatment of unresectable melanoma by the FDA and EMA \[[@bb0055]\]. Currently, numerous OV candidates are under extensive study, with several in late phases of clinical investigation (e.g. [NCT02562755](ctgov:NCT02562755){#ir0005}, [NCT02879760](ctgov:NCT02879760){#ir0010}, [NCT02192775](ctgov:NCT02192775){#ir0015}, [NCT02364713](ctgov:NCT02364713){#ir0020}). Due to space restrictions, we apologize that we cannot discuss all important pre-clinical and clinical studies that have been or are currently being studied in the context of various OV platforms. Additional information can be found in the following review article \[[@bb0060]\].

Several studies have highlighted the crucial role of tumor-specific T cells in OV-mediated therapeutic efficacy. For instance, it has been shown that the intratumoral injection of reovirus or vesicular stomatitis virus (VSV) potently primes adaptive antitumor immune responses playing a key role in primary and metastatic tumors regression \[[@bb0065],[@bb0070]\]. *The question remains, how are OVs able to reverse TME immune suppression and facilitate T cell recognition of tumor antigens?* Although originally designed or selected to be cytolytic agents, it is now clear that OVs have pleotropic impacts on the TME ([Fig. 1](#f0005){ref-type="fig"}). While awakening of the immune system within the TME is initiated through OV-mediated cell killing, this is just the first of several events that ultimately culminate in the induction of a robust and long-lasting antitumor immune response \[[@bb0075]\]. One critical early event is the triggering of immunogenic cell death (ICD) of OV-infected cancer cells ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}) \[[@bb0060]\]. ICD is characterized in part by the expression and/or release of damage-associated molecular patterns (DAMPs) (i.e. ecto-calreticulin, ATP, and HMGB1) which attract and activate DCs in the TME \[[@bb0080]\]. In addition, pathogen-associated molecular patterns (PAMPs) in the tumor milieu are recognized by specific pathogen recognition receptors (PRRs) expressed by innate immune cells ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}). For example, it has been shown that the dsRNA genome of reovirus directly activates DCs through protein kinase receptor (PKR) signaling leading to the secretion of pro-inflammatory cytokines (e.g. IFN-α, IL-12, TNF-α and IL-6) \[[@bb0085]\]. Upon exposure to oncolytic MeV, two subsets of human blood DCs \[plasmacytoid DCs (pDCs) and a subset of myeloid DCs\] secrete IFN-α following activation of RIG-I-like receptors (RLRs) and/or Toll-like receptors (TLRs). These MeV-stimulated DCs acquire cytotoxic functions through the IFN-dependent expression of TNF-related apoptosis-inducing ligand (TRAIL) \[[@bb0090]\]. Thus, the combination of PAMPs, DAMPs, and pro-inflammatory cytokines induced by OVs in the TME results in a massive recruitment and appropriate activation of immune cells, notably DCs that are key orchestrators of innate and adaptive antitumor immunity ([Fig. 3](#f0015){ref-type="fig"}). Once at the tumor site, DCs engulf OV-infected cancer cells and capture TAAs for cross-presentation to specific T cells ([Fig. 3](#f0015){ref-type="fig"}). It has been shown that phagocytosis of MeV-infected cells by either human monocyte-derived DCs (Mo-DCs) or pDCs result in the maturation of these cells and cross-presentation of TAAs to naïve CD8^+^ T cells \[[@bb0095], [@bb0100], [@bb0105]\]. The role of MeV-mediated ICD in inducing this response is vital: a lack of immunogenicity of uninfected or UV-irradiated cancer cells leave DCs in an immature phenotype thus failing to prime tumor-specific T cells \[[@bb0105]\]. The authors also emphasize that activated CD8^+^ T cells secrete IFN-γ and kill cancer cells expressing the specific TAAs, leaving irrelevant target cells unharmed. Other studies have shown T cell cross-priming by DCs following parvovirus and reovirus-induced cancer cell oncolysis \[[@bb0110],[@bb0115]\]. Once tumor-specific T cells have been primed in lymph nodes, they enter the blood stream to reach the inflamed tumor site where they exert their cytotoxic functions against remaining cancer cells displaying TAAs ([Fig. 3](#f0015){ref-type="fig"}). A recent study demonstrated that cancer cell infection by different OVs induces the intercellular transfer of a TAA released in the TME, allowing TAA-loaded cancer cells to be recognized by specific effector CD4^+^ T cells \[[@bb0120]\].Fig. 1***Oncolytic viruses in the tumor microenvironment****.* In addition to their cancer cell lysing activity, OVs can target several other components of the TME including CAFs and ECs. Moreover, OV infection causes the release of inflammatory cytokines, DAMPs, PAMPs and TAAs in the tumor milieu. This results in the recruitment and maturation of innate immune cells which can cross-present TAAs to CD8^+^ T cells, thus generating populations of TAA-specific CTLs. The generation of an antitumor immune response mediated by OV infection also counteracts the immune suppression associated to Tregs and MDSCs. Thus, OV infection engages both the innate and adaptive arms of the immune system which act together to destroy the tumor mass and generate potent antitumor immune responses. These properties of OV-infected tumors can be harnessed to rationally combine therapies that enhance OV replication and the immune response they generate.Fig. 1

5. In Situ Vaccination Induced by Viral ONCOLYSIS {#s0025}
=================================================

OV infection of the tumor induces *in situ* vaccination against crucial TAAs through their release in the inflamed TME and their uptake by DCs \[[@bb0075]\]. While many cancer immunotherapies depend on the identification and targeting of single TAAs shared by cancer patients, OVs vaccinate against the entire tumor TAA repertoire. OV-induced oncolysis and the subsequent epitope spreading in the tumor milieu serves as a personalized immunotherapeutic approach. A recent study elegantly described that adenovirus-induced tumor oncolysis elicits specific T cell responses to a panel of putative neoepitopes whereas other tested therapies failed to trigger such tumor-specific responses \[[@bb0125]\]. Therefore, OVs have the potential to convert immunologically inert tumors into highly immune-reactive ones ([Fig. 2](#f0010){ref-type="fig"}). In line with the above-mentioned preclinical observations, recent clinical trials have indicated a role of OV-induced antitumor immunity in the observed efficacy of this treatment. T cells specific for ovarian cancer antigens have been found in the blood of patients undergoing treatment with MeV \[[@bb0130]\]. In patients with advanced melanoma treated with T-Vec, T cells recognizing the melanoma MART-1 antigen were detected in the TME of injected and non-injected lesions \[[@bb0135]\], suggesting that local injection of T-Vec induces a potent systemic antitumor immunity in patients. A recent study further substantiated the importance of tumor-specific T cells in HSV therapeutic responses \[[@bb0140]\].Fig. 2***Warming up immunologically "cold" tumors with OVs.*** PanCO2 tumor-bearing mice treated with an infected cell vaccine (ICV) (right) show higher intratumoral CD3^+^ cells in the TME in comparison to its untreated counterpart (left) (large mass of staining is a peritoneal lymph node). ICV technology harnesses the immune activation properties of both OVs and tumor cell vaccines to maximize therapeutic benefit. Following treatment, the infiltration of activated T cells in the local TME allows previously immunologically ignorant or immunosuppressed tumors to enact a potent antitumor immune response towards tumor destruction. Scale bar: 300 μm.Fig. 2Fig. 3***Oncolytic virus invasion of the tumor serves as* in situ *vaccination****.* After colonization of the tumor, OVs mediate direct lysis of cancer cells as well as components of the TME (e.g. CAFs and ECs). The release of danger signals and pro-inflammatory cytokines in the TME by cancer cells undergoing ICD after OV infection, as well as the OV itself, attract and activate immune cells. Among them, DCs will engulf OV-infected tumor cells and migrate to the lymph node, where the antigen cross-presentation to specific CTLs will take place. The TAA-specific CTLs then enter the blood stream to reach the tumor, where they can exert their cytotoxic activity against cancer cells displaying specific TAAs. OV therapy thus induces *in situ* vaccination leading to specific antitumor immune responses that act in concert with the virus to eradicate the tumor.Fig. 3

OVs have been armed with immunostimulatory cytokines or chemokines, such as IL-12, IFN-α/β/γ, RANTES or GM-CSF (granulocyte-macrophage colony-stimulating factor) \[[@bb0060],[@bb0145]\] to promote the trafficking of immune cells to the TME and the priming of antitumor responses. GM-CSF, a known DC recruiter and activator, is the most common OV-encoded cytokine and is notably encoded by T-Vec \[[@bb0135]\].

6. Oncolytic Viruses Attack The Tumor Biostructure {#s0030}
==================================================

Oncolytic viruses also target tumor stromal cells, including CAFs, ECs and pericytes ([Fig. 1](#f0005){ref-type="fig"}), thus aiding the disruption of complex tumor structures. A study examining OV-infected pancreatic cancer cell crosstalk with surrounding CAFs revealed that cancer cell-secreted TGF-β renders CAFs sensitive to OV infection \[[@bb0150]\]. OVs can also contribute to the reduction of fibrosis within the TME. Indeed, oncolytic VSV has previously been shown to infect hepatic stellate cells (HSCs), thus resulting in improved liver staging in hepatic tumor-bearing rats \[[@bb0155]\]. Furthermore, OVs can infect and replicate within ECs of the tumor vasculature, a process mediated through the suppression of antiviral mechanisms by EC-secreted vascular endothelial growth factor (VEGF) \[[@bb0160]\]. Thus, OV-targeting of stromal cells can increase the permissiveness of the TME for immune infiltration.

7. Combination Therapies Involving Oncolytic Viruses {#s0035}
====================================================

The heterogeneous nature of cancer highlights the need for combination approaches towards tumor eradication. OVs can be combined with drugs or biologics that potentiate OV cytolysis within the TME and/or enhance immune-mediated tumor destruction.

7.1. Generating a Receptive TME for OV Replication with Chemical Agents {#s0040}
-----------------------------------------------------------------------

The process of adapting wild-type viruses for safe use in clinical settings ultimately results in a significant loss of virulence. While defects in type I IFN signaling leave cancer cells vulnerable to OV infection, only a fraction of tumors have these anomalies and the intratumoral IFN status is further complicated by the heterogeneous nature of tumors \[[@bb0075],[@bb0165]\]. RNA interference (RNAi) knockdown technology and antibody blockade strategies offer some hope in rectifying these concerns. However, combination approaches with small molecule drugs that easily diffuse into tissue and rapidly elicit their effects, allows for tight control of timing and duration. Therefore, small molecule drugs can be harnessed to synthetically alter the TME to one that is more susceptible to OV growth, oncolysis, and OV-induced antitumor immune responses ([Fig. 1](#f0005){ref-type="fig"}).

Histone deacetylase (HDAC) activity is classically associated with transcriptional repression. Chang et al. show that it is also essential in inducing cellular antiviral programs. In fact, HDAC inhibitors (HDACis) have been used to block IFN-stimulated gene expression and provide a virus-permissive environment for VSV infection \[[@bb0170],[@bb0175]\]. They have also been shown to selectively induce apoptosis in cancer cells and augment the transcription of OV-delivered transgenes \[[@bb0180],[@bb0185]\]. Pre-treatment with particular HDACis can re-sensitize cancers that are resistant to infection in a variety of *in vitro* and *in vivo* tumor models including ovarian cancer and sarcomas \[[@bb0190]\].

FDA-approved small molecules with demonstrated OV-potentiating activity are already available on the market. Numerous OV-chemotherapy combinations have been studied at the pre-clinical and clinical stages and have demonstrated success \[[@bb0195]\]. The JAK1/2 inhibitor ruxolitinib, overcoming resistance to OVs like VSV \[[@bb0200]\], can be found on the clinical shelf for the treatment of intermediate or high-risk myelofibrosis. Valproic acid, prescribed for the treatment of epilepsy, contains HDACi activity and has shown positive outcomes in combinations with HSV \[[@bb0205]\]. The possibilities for chemically-driven combination approaches can be vastly expanded by high throughput studies that aim to identify new small molecules that augment OV growth. This approach was used to identify a new class of pyrrole-based potentiators of tumor-specific OV killing with enhanced stability and reduced electrophilicity \[[@bb0210]\]. Diallo et al. have uncovered "virus sensitizer molecules" that dampen the cellular innate response by disrupting IFN-induced antiviral responses \[[@bb0175]\]. Numerous studies have demonstrated synergy between the pro-apoptotic microtubule-destabilizing agents (MDAs) and OV for cancer treatment \[[@bb0215],[@bb0220]\]. This cooperative killing is achieved by various mechanisms including mitotic slippage and bystander killing \[[@bb0215]\].

7.2. Oncolytic Virus Combinations with Immune Modulators {#s0045}
--------------------------------------------------------

Other groups have focused their efforts in combining OVs with drugs that potentiate their immune-stimulatory properties. Smac mimetic compounds (SMCs), antagonizing inhibitor of apoptosis proteins (IAPs), not only induce apoptosis of cancer cells but also effectively boost cancer-vaccine-induced T-cell activity \[[@bb0225]\]. Pre-clinical studies have also shown synergistic activity in OV/chemotherapeutics combination approaches \[[@bb0230]\]. Cisplatin, for instance, increases antigen-specific CD8^+^ T-cell mediated antitumor immunity \[[@bb0235]\]. Combining MG1 with Paclitaxel, a chemotherapeutic drug demonstrated to increase MHC I and upregulate antigen processing activity, shows encouraging results in murine breast cancer models \[[@bb0240]\]. Alternatively, depletion of the immunosuppressive cells MDSCs in the TME with the use of some chemotherapies (e.g. gemcitabine, sunitinib, 5-FU, docetaxel or retinoic acid) improved tumor clearance when combined with OVs \[[@bb0245]\].

It is now widely accepted that both the induction of antitumor responses and the downregulation of immunosuppressive mechanisms are required to achieve durable therapeutic outcomes. T cells express molecules like programmed cell death-1 (PD-1) or cytotoxic T-lymphocyte antigen-4 (CTLA-4) that play a role in immune regulation. However, tumor cells achieve immune evasion by hijacking these mechanisms to impede antitumor specific T-cell attack \[[@bb0030]\].

The development of monoclonal antibodies targeting these immune checkpoint receptors, either PD-1 (nivolumab and pembrolizumab) or CTLA-4 (ipilimumab), has revolutionized the field of anticancer treatment. They have shown impressive results in the treatment of metastatic melanoma and anti-PD-1 received FDA approval for other tumor types \[[@bb0250],[@bb0255]\]. However, recent pre-clinical and clinical studies underscore the role of pre-existing antitumor T cells in the TME as a key parameter for favorable clinical responses to immune checkpoint blockade \[[@bb0250]\]. This evidence led to the hypothesis that co-administration of checkpoint blockade antibodies and OVs could synergistically fight tumors ([Fig. 1](#f0005){ref-type="fig"}). As previously mentioned, OVs can inflame the tumor niche, enable strong T cell infiltration and subsequently allow checkpoint inhibitors to exert their maximal therapeutic potential. The latter might disrupt the immune inhibitory interaction between cancer cells and antitumor effector T cells, restoring T cell cytotoxicity and tumor rejection.

Several pre-clinical studies have supported the use of CTLA-4 or PD-1 blocking antibodies in combination with either oncolytic Newcastle disease virus (NDV) \[[@bb0260]\], vaccinia virus (VACV) \[[@bb0265]\], VSV \[[@bb0270], [@bb0275], [@bb0280]\], reovirus \[[@bb0285]\] or Maraba virus \[[@bb0290]\]. Interestingly, the NDV/CTLA-4 blockade combination therapy controlled both local and distant tumors, and induced memory immune responses protecting against tumor challenge. Even though emerging data provide evidence of significant synergy between OVs and immune checkpoint inhibitors to achieve antitumor therapeutic efficacy, several important future considerations arose from these studies. Notably, the importance of the timing and the route of administration of checkpoint inhibitors have been highlighted \[[@bb0295]\]. For instance, it would be optimal to systemically administer the anti-CTLA-4 antibody to target CTLA-4 in the lymph node where it can impact the early phase of the antitumor immune response, and it might be more efficacious to deliver anti-PD-1 antibodies directly in the tumor \[[@bb0300]\].

The combination of oncolytic immunotherapy and checkpoint inhibitors has also been evaluated in the clinic. A phase II study combining T-Vec and ipilimumab shows objective responses in patients with advanced melanoma treated with the combination modality, compared to ipilimumab alone or to historical data obtained with T-Vec alone \[[@bb0305]\]. The authors highlight a decrease in non-injected visceral lesion burden in addition to the injected ones, suggesting a systemic antitumor effect induced by the combination treatment. Another recent study from Ribas and colleagues reported the promising results of a phase Ib trial testing the combination of T-Vec with pembrolizumab in patients with advanced melanoma \[[@bb0310]\]. Although this phase Ib trial has been performed on a small cohort of patients (n = 21), the important work on sequential biopsies obtained from treated patients suggests that T-Vec induced immune changes in the TME, which became conducive to the therapeutic action of the anti-PD-1 agent. A randomized phase III trial is currently ongoing ([NCT02263508](ctgov:NCT02263508){#ir0025}) and the results could be important in elucidating the complex interaction between OV and immune checkpoint inhibition.

7.3. Improving Adoptive-Cell Transfer Therapy for Solid Tumors with Oncolytic Virus {#s0050}
-----------------------------------------------------------------------------------

Development of adoptive-cell transfer (ACT) immunotherapy has been on the rise for the last decade and holds great promise as an effective cancer treatment. Despite initial success in melanoma patients, there is a need to reduce associated toxicity and extend its applicability to other cancer types. Originally based on the *ex vivo* expansion and reinfusion of patient\'s own tumor-reactive T cells, T cells can now be redirected towards cancer cells through the expression of a TAA-specific T cell receptor (TCR), or a CAR (chimeric antigen receptor), a fusion of a single-chain variable fragment (scFv) specific for a TAA and TCR intracellular signaling domains \[[@bb0315]\]. CAR T cells are particularly attractive because of their ability to recognize a TAA in a non-MHC-restricted manner, which enables their use for a broad variety of patients. So far, CAR T cells have shown promising clinical efficacy against hematological cancers, resulting in a recent FDA approval of CAR T cells directed against CD19 for the treatment of B-cell malignancies \[[@bb0320]\]. However, the success of ACT has been limited in solid tumors \[[@bb0325]\]. This can be attributed to poor trafficking of the transferred T cells into the TME, poor persistence and expansion as well as impaired activity in the immunosuppressive TME. However, it is becoming increasingly evident that OVs can dismantle these obstacles and act synergistically with ACT immunotherapy by converting the hostile TME into an immunostimulatory region for optimal T cell migration and antitumor activity ([Fig. 1](#f0005){ref-type="fig"}) \[[@bb0330]\]. It has been notably demonstrated that TAA (either ovalbumin or gp100)-encoding VSV can act as an adjuvant for adoptively transferred specific T cells \[[@bb0335]\]. This combination results in long-term cure of established melanoma tumors in mice and is associated with potent antitumor efficacy of T cells both in the injected tumor and distant tumor sites. Another study demonstrated that tumor resistance to T cell transfer in a melanoma mouse model can be overcome by the infection of cancer cells by an oncolytic adenovirus. Indeed, costimulatory signals induced on DCs results in an optimal activation of the tumor-specific T cells within the TME \[[@bb0340]\]. OV bioengineering offers a plethora of opportunities to enhance their synergy with T cell therapies and these approaches are thoroughly discussed in a recent review \[[@bb0330]\]. One noteworthy example is the expression of pro-T cells cytokines and chemokines via OV vectors to attract tumor-specific CAR T cells and promote their survival within the TME. Overall, these recombinant OV platforms show better control of solid tumors \[[@bb0345],[@bb0350]\].

A novel strategy has been developed to induce robust activation and expansion of CAR T cells, involving dual-specific T cells co-expressing a virus-specific TCR and a tumor-specific CAR. The TCR can either be endogenously expressed (e.g. specific for Epstein-Barr virus or Cytomegalovirus) \[[@bb0355], [@bb0360], [@bb0365]\], or be genetically engineered to react against a strong immunogen, such as influenza virus \[[@bb0370]\]. The latter approach induces superior activation and proliferation of T cells following immunization, with the CAR domain providing a means for tumor targeting. Recently, a group demonstrated that a therapeutic regimen of ACT incorporating vaccination induces durable complete remission of a variety of large solid tumors \[[@bb0375]\]. The authors generated dual-specific T cells expressing both a CAR specific for Her2 and a TCR specific for gp100, where gp100 is the immunogen. Using an oncolytic vaccinia virus encoding gp100, they obtain an extensive proliferation of the infused dual-specific T cells that subsequently traffic to the tumor to exert their cytotoxicity against cancer cells.

By disrupting the TME and changing its immune landscape, there is encouraging evidence for OV-mediated improved ACT immunotherapy efficacy in solid tumors. Even if some mechanisms of action remain to be elucidated, the sustained efforts to improve these two exciting biotherapies should lead to an optimal combination that will ultimately benefit patients.

8. Concluding Remarks {#s0055}
=====================

Through several pre-clinical and clinical studies, OVs have proven that they can efficiently dismantle the tumor fortress by attacking several of its pillars. Indeed, by targeting the cancer cells and diverse components of the TME, OVs disorganize the tumor ecosystem. The inflammatory milieu resulting from OV therapy induces *in situ* vaccination and the efficient priming of antitumor responses, thus waking up the patient\'s own T cell arsenal. However, joining forces with other therapies has the potential to lead a more powerful offensive. By counteracting immunosuppression and rendering the TME more permissive to OV infection, the tumor is left vulnerable to the combined efforts of the OV, combinatorial drug and the host\'s immune attack. Ultimately, the outlook of OV therapy is extremely promising. Its multi-modal antitumor functionality, efficacy in a wide range of tumors and potentiating activity with existing therapies will quickly make OV therapy a widespread anticancer therapy of choice in the oncologist\'s toolbox.

9. Key Outstanding Questions {#s0060}
============================

•What is the best timing, route of administration and dosing for OV in combination with other immunotherapies or chemical agents in order to achieve the optimal therapeutic response in patients, without triggering toxicity (e.g. cytokine storm)?•Given the diversity of TME immune landscapes, would a sole combination therapy be suitable for all tumor types?•Considering the variety of OVs and the multitude of possible genetic modifications, what innovative OV platforms can be developed to polarize the TME favorably for combination therapies to exert their maximal therapeutic potential?

10. Search Strategy and Selection Criteria {#s0065}
==========================================

Data for this review were identified by searches of PubMed, and references from relevant articles using the search terms "oncolytic viruses", "tumor microenvironment", "immunogenic cell death", "in situ vaccination", "chemical combinations with oncolytic viruses", "combination therapies with oncolytic virus therapy", "oncolytic virus and immune checkpoint blockade", "adoptive cell transfer", and "chimeric antigen receptor T cell therapy".
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